Background: Plasma membrane potential (PMP) oscillations play a key role in glucose-stimulated insulin secretion. Results: PMP oscillations and insulin secretion can be driven by pyruvate. Oscillations are not initiated by increases in mitochondrial membrane potential, NAD(P)H reduction, or ATP level. Conclusion: PMP oscillations are not initiated by bioenergetic fluctuations. Significance: The assumption that upstream glycolytic and bioenergetic oscillations are required for PMP oscillations may require re-examination.
Instead, regardless of substrate, it appears that the mitochondria may simply be required to exceed a critical bioenergetic threshold to allow release of insulin. Once this threshold is exceeded, an autonomous ⌬ p oscillatory mechanism is initiated.
The canonical pathway for glucose-stimulated insulin secretion from pancreatic ␤-cells links increased extracellular glucose availability to enhanced glycolysis and increased substrate availability for the mitochondria. Subsequently, mitochondria hyperpolarize, generating a raised cytoplasmic ATP/ADP ratio that inhibits plasma membrane ATP-sensitive K ϩ (K ATP ) channels. As a result, the plasma membrane is depolarized, Ca 2ϩ enters via voltage-activated Ca 2ϩ channels, and, finally, exocytosis of insulin-containing vesicles is triggered (1) . Insulin secretion from isolated islets of Langerhans in response to elevated glucose is pulsatile, with a typical periodicity of 2-5 min (2) . Pulsatile insulin secretion is also evident in the portal vein (3), with a periodicity similar to that exhibited by isolated islets. Importantly, loss of pulsatile insulin secretion is an early sign in the development of type 2 diabetes (4). This may reflect a dysfunction of the pancreatic ␤-cells or regulatory processes in islets.
At the single ␤-cell level, once the plasma membrane potential (⌬ p ) has depolarized in response to elevated glucose, complex fast and compound waves of further depolarization are initiated, lasting from seconds to a few minutes. They are associated with action potential firing and cytoplasmic Ca 2ϩ ([Ca 2ϩ ] c ) 3 elevation (5, 6) . Electrophysiological capacitance studies have emphasized the importance of oscillatory plasma membrane depolarization both to reactivate desensitizing plasma membrane voltage-activated Ca 2ϩ channels (7) and for granule recruitment (8) .
In contrast to agreement on the mechanism of coupling of elevated glucose to the initial ⌬ p depolarization, there is currently no consensus as to the mechanisms controlling the subsequent fast and compound oscillations. In intact islets and dissociated ␤-cells, it has been suggested that glycolytic fluctuations, perhaps controlled by phosphofructokinase, may be responsible (9, 10) . These are associated with oscillations of respiration (11) , nicotinamide nucleotide reduction state (12) , mitochondrial membrane potential (13) , cytoplasmic ATP/ ADP ratios (9, 14) , and consequent activation and inactivation of the plasma membrane K ATP channel.
Insulinoma-derived ␤-cell lines are amenable to metabolic manipulation, and have been extensively employed in investigations of the coupling of substrate metabolism to insulin secretion (15) . The glucose-responsive INS-1 832/13 cell line is particularly robust and consistent (16) . Unlike primary ␤-cells, most insulinoma-derived ␤-cell lines possess a plasma membrane monocarboxylate transporter and are thus able to metabolize exogenous pyruvate (17) . Pyruvate is an effective secretagogue in these cells (18) , and because it has direct access to the mitochondrion, bypassing glycolysis, its insulinotropic effect suggests that glycolysis-driven metabolic oscillations are not essential for insulin release from these clonal cells. Questions that remain include whether pyruvate induces ⌬ p oscillations similarly to glucose, whether these oscillations appear to be linked to insulin secretion, and whether they are initiated and driven by metabolic and/or bioenergetic oscillations.
In this work, we exploit a combination of fluorescent techniques to monitor changes in plasma membrane potential (⌬ p ), mitochondrial membrane potential ( ⌬ m ), cytoplasmic free Ca 2ϩ ([Ca 2ϩ ] c ), matrix ATP, and NAD(P)H reduction in the presence of glucose or pyruvate to investigate these questions in INS-1 832/13 cells. The anionic plasma membrane potential indicator (PMPI) (19) readily detects and resolves oscillations in these cells separated by 20 s or more, and we have exploited PMPI together with fluorescent probes of ⌬ m , [Ca 2ϩ ] c , NAD(P)H, and matrix ATP and image analysis to conclude that these clonal ␤-cells can maintain pyruvate-driven oscillations depolarizing ⌬ p and elevating [Ca 2ϩ ] c that are not initiated by an increase in mitochondrial "function" (i.e. raised ⌬ m , NAD(P)H, or matrix ATP). Small downstream changes can be detected, but the implication is that regardless of substrate, the mitochondria may simply be required to exceed a critical bioenergetic threshold to allow these cells to release insulin and that once this threshold is surpassed, an autonomous oscillatory mechanism is initiated.
EXPERIMENTAL PROCEDURES
Materials-Tetramethylrhodamine methyl ester (TMRM), fluo-4 AM, fura-2 AM, Fura Red AM™, Hoechst 33342, Lipofectamine 2000, and Opti-MEM were from Invitrogen. PMPI is a component of a proprietary membrane potential assay kit (R-8042) from Molecular Devices Corp. (Sunnyvale, CA). AT1.03 constructs were a kind gift of Prof. Hiroyuki Noji (20) Unless otherwise indicated, all reagents were obtained from Sigma-Aldrich (St. Louis, MO).
Cell Culture-Clonal ␤-cells (INS-1 832/13) (16) were cultured in RPMI 1640 cell culture medium containing 11.1 mM glucose supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, 10 mM Hepes, 2 mM glutamine, 1 mM sodium pyruvate, and 50 M ␤-mercaptoethanol at 37°C in a humidified atmosphere containing 95% air and 5% CO 2 .
Insulin Secretion-Cells were seeded in 24-well plates in culture medium. At 24 h, medium was exchanged for culture medium containing 11 mM glucose. After a further 24 h, cells were transferred to secretion assay buffer containing 2.8 mM glucose, 114 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.16 mM MgSO 4 , 25.5 mM NaHCO 3 , 20 mM Hepes, 2.5 mM CaCl 2, and 0.2% BSA. After 2 h, cells were transferred to secretion assay buffer medium containing varying glucose concentrations or sodium pyruvate. Insulin released in the subsequent 60 min was determined with the Coat-a-Count radioimmunoassay kit (DPC, Los Angeles, CA).
Population Mitochondrial Membrane Potential Measurements-Cells were seeded in poly-D-lysine-coated 8-well chambered coverglasses (Lab-Tek, Naperville, IL) in culture medium and after 24 h were transferred for a further 24 h to culture medium containing 2.8 mM glucose. For ⌬ m measurements, the cells were loaded with 100 nM TMRM for 2 h in buffer A (2.8 mM glucose, 135 mM NaCl, 3.5 mM KCl, 0.5 mM MgSO 4 , 0.5 mM Na 2 HPO 4 , 5 mM NaHCO 3 , 10 mM Hepes, 1.5 mM CaCl 2 , 0.1 w/v% BSA (pH 7.4). Immediately prior to imaging the medium was changed again to buffer A without glucose. The chambered coverglass was inserted into a temperaturecontrolled (37°C) and CO 2 -controlled (5%) incubation chamber on the stage of a Zeiss LSM510 inverted confocal fluorescence microscope with a ϫ40 air objective. The pinhole diameter was increased to give an optical slice of 10 m to allow collection of the defocused signal from individual somata. TMRM was excited at 543 nm, and emission was detected with a 585-nm long-pass filter. All experiments were performed in quench mode (21) and confirmed by fluorescence dequenching upon a final addition of the protonophore FCCP (not shown in traces). Control experiments confirmed that changes in ⌬ p did not significantly affect short-term TMRM fluorescence. Further controls in the presence of 5 M cyclosporine A confirmed that TMRM equilibration was not affected by multidrug transport activity.
Plasma Membrane Potential-An individual vial from a FLIPR membrane potential assay kit, explorer format component A (Molecular Devices, catalog no. R-8042) containing a proprietary plasma membrane potential indicator that we have named "PMPI," was reconstituted in 10 ml of distilled water, dispensed into 1-ml aliquots, and frozen (PMPI stock). Cells were cultured as above for 2-4 days in the presence of 11 mM glucose. Prior to imaging, cells were transferred for 2 h to 400 l of buffer B containing 120 mM NaCl, 3.5 mM KCl, 1 mM MgCl 2 , 0.4 mM KH 2 PO 4 , 5 mM NaHCO 3 , 10 mM Na-Tes, 1.3 mM CaCl 2 , and either 0 or 2.8 mM glucose (pH 7.4). Immediately prior to imaging, 4 l of PMPI stock was added. The chambered coverglass was transferred to the stage of an inverted Zeiss Pascal confocal microscope. Cells were excited at 514 nm, and emission was measured with a 530-nm long-pass filter. At the end of each experiment, the trace was calibrated by exchanging 74 l of the incubation medium with 74 l of high K ϩ buffer B (as low K ϩ buffer B but containing 123.5 mM KCl and omitting NaCl) to increase the K ϩ concentration to 25 mM (19) . Dual Plasma Membrane Potential and [Ca 2ϩ ] c -Cells cultured in the presence of 11 mM glucose were transferred after 24 h to culture medium containing 2.8 mM glucose for a further 24 h before transferring to 400 l of buffer A. After 1.5 h, 2 M fluo-4 AM, 0.5 mM sulfinpyrazone (to inhibit multispecific organic anion transporters (22) , and 16 M bovine serum albu-min were added, and the incubation was continued for a further 30 min. Prior to imaging, the incubation buffer was replaced by 400 l of buffer A containing 0.5 mM sulfinpyrazone and 2 l of PMPI stock, but without glucose or BSA, and the cells were loaded for 10 min prior to imaging. Fluo-4 was excited at 488 nm with emission at 505-530 nm, and PMPI was excited at 543 nm with emission at Ͼ 560 nm. Free cytoplasmic Ca 2ϩ traces are displayed as arbitrary fluorescent units. PMPI fluorescence was normalized as described above.
Dual Mitochondrial Membrane Potential and [Ca 2ϩ ] cCells were cultured for 2-4 days in the presence of 11.1 mM glucose in 8-well Lab-Tek chambers, seeding 4 ϫ 10 5 cells/well. Prior to imaging, cells were transferred for 90 min to buffer B containing 2.8 mM glucose, 0.4 w/v % BSA, and 100 nM TMRM. At 90 min, 2 M fura-2 AM and 0.5 mM sulfinpyrazone were added, and the incubation was continued for a further 30 min. For imaging, the incubation buffer was replaced by 500 l of buffer B containing 0.5 mM sulfinpyrazone, 0.4 w/v % BSA, and 0 or 2.8 mM glucose. Epifluorescence microscopy was performed on a Nikon Eclipse Ti-PFS inverted microscope at 37°C using a Cascade 512B camera (Photometrics, Tucson, AZ) with an S-Fluor 20ϫ/0.75 air lens, a LB-LS17 Xe-arc light source (attenuated), 10-3 excitation and emission filter wheels (Sutter Instruments, Novato, CA), and an MS-2000 linear encoded motorized stage (ASI, Eugene, OR). The filter sets, given as excitation, dichroic mirror, emission in nm/bandwidth, were, for TMRM (at 75 ms exposure time), 543/22, 562, 617/73 and for fura-2, 340/26 (250 ms) and 387/11 (125 ms), 409, 510/84 (all from Semrock, Rochester, NY). Image acquisition was controlled by NIS Elements 3.22 (Nikon, Melville, NY). Oscillations were followed for 1 h starting 10 min after substrate addition. To reduce photodamage, 75 frames at 4-s intervals were acquired at one position and 12 distinct x,y positions were imaged successively using the "multipoint set acquisition" feature of the Elements. At the end of the Multipoint Set Acquisition, 10 M FCCP was added to verify quench mode of TMRM, and fluorescence was followed by cyclic imaging of all 12 positions using "ND acquisition" in Elements. Finally, the deep red nuclear dye DRAQ5 (Biostatus, Shepshed, UK) was included, and all positions imaged previously were revisited and imaged at 628/40, 660, 692/40.
Image analysis was performed in Image Analyst MKII (Novato, CA). Briefly, mitochondrion-free areas of cells were determined on the basis of subtraction of TMRM from fura-2 images and image segmentation. For this, temporal maximum intensity projections rescaled between the 10th and 99th percentiles were used. These segments were assigned to individual cells on the basis of segmentation of fura-2 images using DRAQ5 staining as a seed of the watershed algorithm. TMRM and fura-2 fluorescence intensities corresponding to individual cells measured over the non-mitochondrial (typically nuclear) areas were analyzed further in Mathematica 8.0 (Wolfram Research, Champaign, IL). TMRM traces were corrected for any synchronous variations of intensities by normalizing with the mean whole cell intensity of TMRM fluorescence in the whole view field. Peaks of fura-2 ratio oscillations were determined on the basis of first and second temporal derivatives. To amplify the changes in TMRM fluorescence synchronous to [Ca 2ϩ ] c oscillations, a stretch of the fura-2 ratio and normalized TMRM intensity time courses from 20 s before and 40 s after each peak were collected, their base lines were subtracted, and their means were calculated for each experimental run. Data are given as mean Ϯ S.E. of these means, expressing variations between experiments. A range of different thresholds for fura-2 oscillation peak detection were examined, resulting in data consistent with the presented results.
Dual NAD(P)H Autofluorescence and Plasma Membrane Potential-Cells were incubated with PMPI as described above. Epifluorescence microscopy was performed on the Nikon Eclipse Ti-PFS microscope with the multipoint set acquisition/ND acquisition approach as described above but using an S-Fluor ϫ40/1.3 oil lens and the following filter sets for NAD(P)H autofluorescence (200 ms exposure time): 340/26, 409, 460/80 and for PMPI (150 ms) 500/24, 520, 542/27. Experiments were concluded by application of 2 M FCCP followed by 2 M rotenone, and images were cyclically captured in all positions. Using Image Analyst MKII, the PMPI projection images were segmented using DRAQ5 as seed. NAD(P)H autofluorescence and PMPI fluorescence were determined over each identified whole cell, and time courses were further analyzed in Mathematica. Autofluorescence traces were corrected for any synchronous variations of intensities, including photobleaching, by normalizing with the mean of all cells in each view field. Oscillations of NAD(P)H autofluorescence were expressed as percent change compared with the span of autofluorescence intensities measured between FCCP and rotenone additions.
Dual [ATP] m and [Ca 2ϩ
]c-Cells were transfected with the mitochondrially targeted AT1.03 ATP sensor (ATeam) (20) using Lipofectamine 2000 in Opti-MEM medium at a 3:2 ratio of Lipofectamine (l) to DNA (g). 0.2 g of DNA was transfected per well in 8-well Lab-Tek chambers. Then, cells were cultured for 3-4 days in the presence of 11.1 mM glucose. Prior to imaging, cells were transferred for 2 h to buffer B containing 2.8 mM glucose, 0.4 w/v % BSA. Then, 5 M Fura Red AM, 0.5 mM sulfinpyrazone were added, and the incubation was continued for a further 30 min. Prior to imaging, the incubation buffer was replaced by buffer B containing 0.5 mM sulfinpyrazone, 0.4 w/v % BSA, and 2.8 mM glucose. Epifluorescence microscopy was performed on the Nikon Eclipse Ti-PFS microscope with the multipoint set acquisition/ND acquisition approach as described above but using the following filter sets for ratiometric ATeam, 438/24, 458, 483/32 (50-ms exposure time) or 542/27 (35 ms) and for ratiometric Fura Red, 438/24 (50 ms) or 500/24 (25 ms), 562, 641/75. Dynamic cross-bleed correction was performed to eliminate the effects of Fura Red on the 483-nm excitation of ATeam as described previously (23) . At the end of the multipoint set acquisition, first glucose (16 mM total) and then 1 g/ml oligomycin and 1 mM iodoacetate were added to maximize and then deplete ATP. These additions were followed by cyclic imaging of all 12 positions. Finally 10 g/ml Hoechst 33342 nuclear dye was added and imaged at 340/26, 409, 460/80.
Using Image Analyst MKII, the ATeam images were segmented using Hoechst as seed. Fluorescence was determined over each identified whole cell. Using Mathematica, ATeam and Fura Red ratios were calculated after spectral unmixing. ATeam was calibrated by taking the maximal ratio at saturating (16 mM) glucose and minimal ratio at depleted ATP levels in the presence of oligomycin plus iodoacetate as above, and ratios were rescaled between 0 and 1. The concentration of ATP was calculated as (
Ϫ1/n , where R is the rescaled ATeam ratio, K d ϭ 3.3 mM, and n ϭ 2.1 (20) . Values above 10 mM ATP were considered as saturated. Peaks of Fura Red ratio oscillations were determined as above, and corresponding means of changes of Fura Red ratio and ATP concentration were calculated.
RESULTS
Calibration-The slow response of conventional fluorescent ⌬ p indicators such as bis-(1,3-dibutylbarbituric acid)-trimethine oxonol limits their utility to monitor changes in ⌬ p that occur with a subminute time course. The ⌬ p indicator we have termed PMPI for plasma membrane potential indicator (19) is a proprietary constituent of the Molecular Devices FLIPR membrane potential assay kit and responds 14 times faster than bis-(1,3-dibutylbarbituric acid)-trimethine oxonol to changes in ⌬ p (24) . The anionic indicator responds to a ⌬ p depolarization with an increased fluorescence as it enters the cell. External fluorescence is quenched by a proprietary agent. We have previously exploited PMPI to monitor changes in ⌬ p in cultured neurons in parallel with fluorescent monitoring of the mitochondrial membrane potential, ⌬ m (19) . The resting ⌬ p of the related INS-1 cells under conditions of maximal K ATP activation has been determined to be about Ϫ80 mV (25) . Assuming a cytoplasmic K ϩ concentration of 120 mM, increasing the external [K ϩ ] to 25 mM would lower the K ϩ diffusion potential to Ϫ41 mV. This results in a mean enhancement of PMPI fluorescence of 4.43 Ϯ 0.33-fold (S.E., n ϭ 11). In subsequent figures, PMPI traces are normalized to the fluorescent enhancement span from fully polarized to that following oligomycin and 25 mM KCl.
Where indicated, approximate calibrations of the PMPI and TMRM traces in terms of ⌬ p and ⌬ m , respectively, were carried out using a previously published Excel program (19 (Fig. 1) . Increasing the glucose concentration to 16 mM initiated a ⌬ p depolarization. In contrast to intact islets, ⌬ p oscillations were not synchronized, and so the field average depolarization of ϳ200 cells showed a slowly increasing average depolarization, reaching a plateau after about 7 min. Although every cell in the field responded to increased glucose by depolarizing, individual cells behaved heterogeneously, with some cells initiating ⌬ p oscillations with a periodicity of 20 -120 s, whereas other cells progressively depolarized without showing oscillations (Fig. 1) . It should be noted that a failure to oscillate did not reflect a failure to depolarize. Inhibition of the mitochondrial ATP synthase with oligomycin resulted in the expected uniform repolarization of all cells and a cessation of oscillations as oxidative phosphorylation was inhibited. This was consistently preceded by a brief period, typically 30 -50 s, of enhanced depolarization.
In Fig. 2 , cells were preincubated in 2.8 mM glucose and deprived of glucose for 5 min following which the substrate was readded at increasing concentrations to estimate the threshold at which oscillations could be detected. The field average responses show depolarizations that increased with time and glucose concentration. Although the individual cell responses were heterogeneous, single cells were selected whose ⌬ p profile approximated the population average for each glucose concentration. At 2.8 mM glucose, cells did not oscillate, and no depolarization that could be reversed by ATP synthase inhibition by oligomycin was observed (Fig. 2a) . Parallel monitoring of [Ca 2ϩ ] c showed that the representative cell was quiescent. Increasing the glucose concentration to 4 mM produced a slight population depolarization and subsequent repolarization with oligomycin. A cell whose ⌬ p profile approximated the population average showed a brief ⌬ p burst accompanied by transient [Ca 2ϩ ] c spiking (Fig. 2b) . At 5 mM glucose, a pronounced biphasic depolarization was shown, with the selected cell showing clustered depolarization and [Ca 2ϩ ] c spiking (Fig. 2c) . Finally, exposure to 8 mM glucose resulted in a more sustained depolarization and prolonged ⌬ p bursting and [Ca 2ϩ ] c spiking in the representative cell (Fig. 2d) . It is notable that at each glucose concentration, the population and single cell ⌬ p depolarization persisted or was even enhanced for some 30 s after oligomycin addition.
Although these experiments showed that there was a glucose threshold above which ⌬ p oscillations are initiated, it is important not to overinterpret these typical results because of the variable and stochastic nature of individual cell responses. In particular, the depolarization elicited by 5 mM glucose varied between days, suggesting that this concentration was close to a threshold for sustained and oscillatory depolarization. Even at 8 mM glucose, heterogeneous responses were seen. Fig. 3 (17) . Addition of 10 mM pyruvate to cells preincubated in 2.8 mM glucose (Fig. 4a) shows that the population depolarization developed more rapidly than with elevated glucose, consistent with the direct access of the substrate to the mitochondria. More than 80% of cells showed robust ⌬ p oscillations (see supplemental video), and the biphasic response to oligomycin seen with glucose was also present. Thus, pyruvate seems to be even more effective than glucose in inducing ⌬ p oscillations.
In this experiment, it cannot be excluded that metabolic oscillations in glycolysis in cells kept at 2.8 mM exogenous glucose could control the plasma membrane potential oscillations even when the mitochondria are in the presence of excess pyruvate. To investigate this, cells were preincubated for 2 h in the absence of substrate (Fig. 4b) . Addition of 1 mM pyruvate produced a biphasic ⌬ p response. An initial hyperpolarization was followed by a depolarization. A population of cells exhibited oscillations, and the addition of oligomycin caused a similar biphasic response as in the presence of glucose. Interestingly, the ability of the plasma membranes to repolarize and maintain this potential after ATP synthase inhibition suggests that the cells retained sufficient ATP to supply the plasma membrane Na ϩ /K ϩ -ATPase for this period. Insulin Secretion Elicited by Glucose or Pyruvate-The threshold for insulin secretion by the 832/13 cells lay between 4 mM and 6 mM glucose (Fig. 5 ). In addition, as little as 1 mM pyruvate elicited a marked secretion of insulin.
Mitochondrial Membrane Potential Change and Population Hyperpolarization-Equilibration of 832/13 cells with 100 nM TMRM allows changes in ⌬ m to be monitored in quench mode (21) . Under these conditions, mitochondrial hyperpolarization produces a decrease in whole-cell fluorescence as the probe is accumulated into the mitochondrial matrix where its fluorescence is quenched (26) . Fig. 6 shows the hyperpolarization as a function of glucose and pyruvate concentrations. The graded increase in ⌬ m as a function of glucose concentration was consistent with data from Heart et al. (27) for primary islet cells. It is notable that the onset of mitochondrial hyperpolarization with pyruvate was considerably more rapid than with glucose. This is consistent with the direct access of the substrate to the mitochondria. Using plausible initial conditions for ⌬ p and ⌬ m and values for the matrix volume as a fraction of total cell volume, it is possible to estimate the approximate extent of the ⌬ m hyperpolarization from the change in signal (supplemental Fig. S2) . These values are shown in brackets in Fig. 6 .
Two reports have shown that under certain conditions, ⌬ m oscillations can be detected in response to elevated glucose using rhodamine 123 (R123), either in individual (28) or clustered (29) ␤-cells. Although the results are difficult to compare with this study (primary cells versus insulinomas, glucose versus pyruvate), in one study the rising phase of an individual [Ca 2ϩ ] c oscillation was associated with a slow ⌬ m hyperpolarization and the recovery with a more rapid depolarization (28) , whereas in the second study the rising phase was accompanied by a ⌬ m depolarization and the recovery by repolarization. Neither study attempted to estimate the magnitude of the ⌬ m changes.
Preliminary experiments using TMRM in quench mode together with fluo-4 to monitor [Ca 2ϩ ] c failed to detect any change in ⌬ m associated with the [Ca 2ϩ ] c spikes (data not shown). A more sophisticated analysis was therefore devised to improve the sensitivity of the assay. In quench mode, the change in single cell TMRM fluorescence (Fig. 7a ) in response to a small change in ⌬ m is restricted to the cytoplasm (21) . Thus, removing the large invariant mitochondrial signal by restricting regions of interest to the mitochondria-poor (nuclear) regions of individual cells improves the signal-tonoise ratio. Secondly, a novel automated image analysis was devised, allowing this signal to be collected for each cell in the field (Fig. 7, e and f) . Thirdly, the parallel fura-2 ratiometric signal (Fig. 7b) (Fig. 7, g  and h) . With both 0.4 mM and 10 mM pyruvate, the [Ca 2ϩ ] c oscillations are followed by a small TMRM dequenching, indicative of a mitochondrial depolarization. By entering plausible starting values into the Excel computer simulation it is possible to predict the approximate relationship between cytoplasmic TMRM fluorescence and ⌬ m (supplemental Fig. S3 ). Using this to calibrate Fig. 7 , we conclude that the mitochondria depolarize by less than 1 mV in response to a [Ca 2ϩ ] c transient, and that, as in the case of the primary ␤-cell (28, 29) , the depolarization follows, rather than precedes, the Ca 2ϩ signal. We conclude that the magnitude of the change in ⌬ m is exceedingly small and trails behind the [Ca 2ϩ ] c spike.
NAD(P)H Autofluorescence
Changes-A limitation of the above analysis is that it takes no account of the additional contribution of the mitochondrial ⌬pH to the total ⌬p. Because this parameter increases in response to elevated glucose (30) , it is possible that ⌬p may change independently of ⌬ m . To investigate this, single cell NAD(P)H fluorescence (Fig. 8a) was monitored in parallel with PMPI (b). The redox span across complex I is in near equilibrium with ⌬p, so NADH autofluorescence may be used as a qualitative means to monitor changes in this parameter. The analysis is, however, complicated by any changes in NADPH. Emission originates from both NADH and NADPH, the former predominating in mitochondrial regions, whereas the NADPH signal is also cytoplasmic. This notwithstanding, after automated image processing of single cell autofluorescence (Fig. 8, c and d) , a correlation was seen in the presence of 10 mM pyruvate between a ⌬ p depolarization and a delayed, small (ϳ7% of the mitochondrial NAD(H) pool determined by FCCP and rotenone) short-lived increase in NAD(P)H autofluorescence. If the following assumptions are made to maximize the bioenergetic interpretation of the NAD(P)H change, namely that the signal is due to mitochondrial NADH, that no compensatory change occurs in the ubiquinone redox state, and that the matrix NAD(H) pool is initially about 20% reduced, then a change to 25% reduction implies a 3-mV negative shift in the redox potential of the NAD ϩ /NADH pool and, thus, an equivalent increase in the redox span across complex I. As four protons are extruded by complex I per two electrons, then this would correspond to an increase in ⌬p of less than 1 mV. In practice, the value would be even lower because changes in cytoplasmic NADP ϩ reduction may contribute.
Matrix ATP Changes-The targeted FRET-based ATeam probes for ATP, developed by Imamura et al. (20, 31) , provide a means to monitor ATP concentrations in specific subcellular compartments. Although the affinity of AT 1.03, used in this study, is too high to reliably detect fluctuations in cytoplasmic ATP, the matrix-targeted probe (Fig. 9, a and e) is potentially capable of detecting any matrix ATP changes around the threshold at which ⌬ p oscillations are seen (g). Fig. 9h shows the correlation between matrix ATP concentration and [Ca 2ϩ ] c oscillations detected with Fura Red (b and f), processed as described for Figs. 7 and 8 (Fig. 9, c and d) . The initial response is a 0.6-mM drop in matrix ATP followed by a 0.5-mM rise. If these changes were entirely due to fluctuations in ⌬p and if thermodynamic equilibrium were maintained between ⌬p and the matrix ATP/ADP pool, the 12% drop and subsequent 10% rise in matrix ATP would correspond to a 1.2-mV drop and subsequent 1-mV increase in ⌬p. If, however, the changes in ⌬p were due to changes in extramitochondrial demand, the thermodynamic argument would not be valid.
DISCUSSION
The complexity of the sequence of events associated with glucose-stimulated insulin secretion helps to explain why the process is still incompletely understood. If it is accepted that insulinoma cell lines are relevant models to investigate bioenergetic and metabolic aspects of insulin secretion, then a central core of events (the coupling of mitochondrial bioenergetics to ionic processes at the plasma membrane) can be investigated in isolation in these cells, bypassing glycolysis by the direct supply of exogenous pyruvate to the cell, monitoring multiple bioenergetic parameters in parallel with changes in ⌬ p and [Ca 2ϩ ] c , and avoiding considerations of downstream coupling factors, insulin storage, and release.
We have attempted to separate two conditions. Firstly, addition of exogenous pyruvate to substrate-limited cells produces a robust tonic mitochondrial hyperpolarization (estimated to be up to 16 mV, Fig. 6 ) comparable with that induced by glucose (see also Ref. 17) . This is associated with a maintained increase in matrix ATP concentration (Fig. 9) and a tonic plasma membrane depolarization (Figs. 1 and 3 ), whereas single cell [Ca 2ϩ ] c remains at baseline values (or even slightly decreases, Fig. 3 ) until a plasma membrane ⌬ p oscillation occurs. Because insu- lin secretion is firmly linked to Ca 2ϩ channel opening, this would suggest that secretion is dependent on these oscillations. Although we do not monitor insulin secretion at the single cell level in this study (but see Ref. 32) , there is a reasonable association between the concentration thresholds for glucose or pyruvate for the initiation of oscillations (Fig. 2) and those for population insulin secretion (Fig. 5) .
Nothing in this study argues against the extensive intact islet literature documenting slow oscillations in glucose utilization (33) , respiration (11, 33) , NAD(P)H reduction (12, 34) , ⌬ m (13), ATP (9) , and insulin release (35) . However, in this simplified system, similar ⌬ p oscillations are seen in the presence of elevated glucose (Figs. 1-3) , pyruvate in the presence of 2.8 mM glucose (Fig. 4a) , or pyruvate alone (Fig. 4b) . Indeed, pyruvate- induced ⌬ p oscillations (see supplemental video) appear to more robust than those induced by glucose.
Small oscillations in ⌬ m reported with rhodamine 123 have been observed in primary ␤-cells in the presence of elevated glucose (28, 29) . Both studies hypothesized that elevated [Ca 2ϩ ] c during a spike depressed ⌬ m and lowered the cytoplasmic ATP/ADP ratio sufficiently to open K ATP channels and repolarize the plasma membrane. However, the highly sensitive bioenergetic assays of ⌬ m , NAD(P)H and matrix ATP in this study place a limit of about 1 mV on the change in ⌬p accompanying (or rather following) the ⌬ p oscillation. These observations contrast with the estimated 14-to 16-mV hyperpolarization of ⌬ m seen upon the initial addition of high glucose or pyruvate to the cells (Fig. 6 ) and argues against a direct mechanism in which the mitochondria in these cells act as synchronized bioenergetic oscillators, alternately increasing and decreasing cytoplasmic ATP/ADP ratios sufficiently to modulate K ATP channel activity.
To arrive at this conclusion, we have developed or employed a range of techniques. Although metabolism-induced plasma membrane depolarization and oscillation are central to the canonical pathway of GSIS, fluorescent monitoring of ⌬ p oscillations have been hampered by the slow response of available oxonol probes. Although bis-(1,3-dibutylbarbituric acid)-trimethine oxonol (36), bis-(1,3-diethylthiobarbituric acid) trimethine oxonol (37) , and bis-oxonol (15) have been employed previously in studies with insulin-secreting cells, their response times are slow. The proprietary ⌬ p probe that we have termed PMPI for plasma membrane potential indicator (19) responds 14-fold more rapidly than bis-(1,3-dibutylbarbituric acid)-trimethine oxonol (24) and was able to resolve the ⌬ p oscillations in the INS-1 832/13 cells. Although a redistributing indicator cannot compete with electrophysiological techniques in terms of time resolution, it does allow entire view fields (and hence cell-to-cell heterogeneity (Figs. 7-9 ) to be analyzed. This readily allows integration with parallel metabolic and bioenergetic investigations. Moreover, fluorescent techniques avoid the disturbance to cell metabolism inherent in cell-attached patch-clamp configurations. For these reasons, the approach described here may be considered a complement to the technically demanding perforated patch technique, which is required to maintain metabolism in electrophysiological examinations (15) .
We and others have developed techniques for the fluorescent monitoring of changes in ⌬ m in intact cells (19, 21, 38) . Singlecell TMRM fluorescence under quench conditions, produced by equilibrating the cells with TMRM concentrations in the range of 50 -100 nM (21) , is a relatively sensitive and fast-responding technique for monitoring significant changes in ⌬ m during the course of an experiment (supplemental data and Figs. S2 and S3). As long as quench conditions are maintained, the intramitochondrial fluorescence does not alter in response to a limited change in ⌬ m . Instead, the change in single-cell fluorescence is due to the increase (in response to a mitochondrial depolarization) or decrease (mitochondrial hyperpolarization) in the concentrations of TMRM in the cytoplasm. The initial substrate-limited loading conditions in this study, a combination of a high ⌬ p and low ⌬ m , maximizes the proportion of TMRM in the cytoplasm and, thus, improves sensitivity.
One criticism that can be leveled against techniques that monitor changes in ⌬ m is that they ignore the contribution of ⌬pH to the full ⌬p. This is particularly important in the present context because changes in ⌬pH have been reported in INS-1E cells in response to increased glucose (30) . We have therefore supplemented the TMRM experiments with two independent techniques monitoring changes in parameters linked to the proton motive force, namely, NAD(P)H autofluorescence and matrix ATP concentration. A brief NAD(P)H fluorescence increase can be detected following the initiation of a ⌬ p depolarizing oscillation, amounting to 7% of the maximal range (defined as the span between maximal oxidation in the presence of FCCP and maximal reduction in the presence of rotenone). The increased NAD(P)H reduction lags behind the plasma membrane depolarization, suggesting that that might be a downstream consequence of the depolarization. The resolution of this study was insufficient to distinguish clearly between mitochondrial (mainly NADH) and cytoplasmic (mainly NADPH) signals, and so it is not possible to resolve whether the increased reduction was due to a bioenergetic response of the mitochondrion or a metabolically induced cytoplasmic NAD(P)H reduction, which has been proposed to play a key role in facilitating insulin secretion (39) .
Ainscow and Rutter (14) were able to detect cytoplasmic ATP oscillations in a subset of single dissociated human and mouse primary ␤-cells in the presence of elevated glucose. However, the low sensitivity of the luciferase assay precluded parallel monitoring of [Ca 2ϩ ] c at a single cell (rather than population) level. The ATP reporter AT1.03 used here proved to have too high an affinity to report cytoplasmic changes, but the lower matrix ATP/ADP ratio, a consequence of the electrogenic adenine nucleotide translocator (40) , allowed the matrixtargeted probe to report pyruvate-dependent changes in combination with Fura Red as a [Ca 2ϩ ] c indicator (Fig. 9g) . The initial 12% drop in matrix ATP correlating with the [Ca 2ϩ ] c spike (Fig. 9h ) was larger and briefer than would be predicted from the minimal (ϳ0.5-mV) decrease in ⌬ m (Fig. 8a) and most likely reflected increased cytoplasmic ATP demand associated with the elevated [Ca 2ϩ ] c . However, an alternative scenario for which there is precedent with skeletal muscle (41) is that accumulation of Ca 2ϩ into the mitochondria produces a biphasic response: an immediate increased demand upon the proton circuit met largely by transient matrix ATP hydrolysis but partially by the ⌬ m depolarization followed immediately by Ca 2ϩ activation of the tricarboxylic acid cycle, responsible for the increased NAD(P)H reduction (see also Ref. 42) .
Mitochondrial ATP generation (estimated by the decrease in respiration upon addition of oligomycin) and, hence, cellular ATP utilization, is accelerated when INS-1 832/13 cells are exposed to 16.7 mM glucose (43) . Little is known about the ATP-consuming processes in these cells, although these will be as important as ATP-generating pathways for regulating cytoplasmic ATP/ADP ratios. Local subplasmalemmal ATP in MIN-6 cells, detected with targeted luciferase (44) , shows kinetics distinct from the bulk cytoplasm in response to elevated glucose, suggesting that the sites of ATP generation and utilization may be important for regulating plasma membrane K ATP channels.
Pyruvate has long been recognized to be an effective secretagogue in insulinoma cells possessing increased monocarboxylate transporter levels (17, 45, 46) . As well as pyruvate, the cellpermeant methyl succinate (37, 45) , dihydroxy acetone (17), ␤-hydroxybutyrate (47), acetoacetate (47), ␣-ketoisocaproate (46), and glycerol (17) , separately or in combination, are effective secretagogues. This study supports the conclusion of Antinozzi et al. (17) that the potency of individual secretagogues correlates with their ability to hyperpolarize the mitochondria in intact cells independent of the levels of proposed signaling glycolytic intermediates (17) . Whether Ca 2ϩ (48) and possible metabolic coupling factors such as glutamate (49) or cytoplasmic NADPH (50) function independently of mitochondrial bioenergetics remains to be investigated. Such an approach will help to establish whether the putative coupling factors act upstream or downstream of the plasma membrane potential response and, accordingly, may be categorized as triggering or amplifying signals.
The scope of this study does not extend to an investigation into the mechanisms generating the ⌬ p oscillations. However, their relatively simple waveform (e.g. Figs. 4a and 8e) contrasting with the complex compound patterns seen in the intact islet (51) may provide some insight into the control of insulin secretion in this model.
